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Abstract
Experimental studies were conducted using batch reactors, X-ray microtomograpy (XMT), and computational fluid dynamics 
(CFD) simulations to determine changes in cement fracture surfaces, fluid flow pathways, and permeability with geochemical 
and geomechanical processes. Composite Portland cement-basalt caprock core with artificial fractures was prepared and reacted 
with CO2-saturated groundwater at 50°C and 10 MPa for 3 to 3.5 months under static conditions to understand the geochemical 
and geomechanical effects on the integrity of wellbores that contain defects. Cement-basalt interface samples were subjected to 
mechanical stress at 2.7 MPa before the CO2 reaction. XMT provided three-dimensional (3-D) visualization of the opening and 
interconnection of cement fractures due to mechanical stress. After the CO2 reaction, XMT images revealed that calcium 
carbonate precipitation occurred extensively within the fractures in the cement matrix, but only partially along fractures located 
at the cement-basalt interface. The calculated permeability based on CFD simulation was in agreement with the experimentally 
measured permeability. The experimental results imply that the wellbore cement with fractures is likely to be healed during 
exposure to CO2-saturated groundwater under static conditions, whereas fractures along the cement-caprock interface are still 
likely to remain vulnerable to the leakage of CO2. CFD simulations for the flow of different fluids (CO2-saturated brine and 
supercritical CO2) using a pressure difference of 20 kPa and 200 kPa along ~2 cm-long cement fractures showed that a pressure 
gradient increase resulted in an increase of CO2 fluids flux by a factor of 3-9 because the friction of CO2 fluids on cement 
fracture surfaces increased with higher flow rate as well. At the same pressure gradient, the simulated flow rate was higher for 
supercritical CO2 than CO2-saturated brine by a factor of only 2-3, because the viscosity of supercritical CO2 is much lower than 
that of CO2-saturated brine. The study suggests that in deep geological reservoirs the geochemical and geomechanical processes 
have coupled effects on the wellbore cement fracture evolution and fluid flow along the fracture surfaces.
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1. Introduction
During typical well construction, cement slurry is placed in the annulus between the wellbore steel casing and 
formation rocks to prevent vertical fluid migration and to provide mechanical support. Wellbore cement may contain 
fractures and defects because of changes in pressure and temperature within the wellbore during field operation, 
cement shrinkage during dehydration, mechanical shock from pipe tripping, poor cement slurry placement, and 
residues of drilling mud and drill cutting processes. Fractures may occur during the original completion of the well, 
but pressure changes induced by wellbore operations, including the injection of CO2, likely generate and propagate 
additional fractures or openings in interfaces between wellbore materials (cement, rock, and casing). The flow of 
reactive fluid through cement fractures or along interfaces with casing or caprock is a potentially significant CO2
leakage pathway and may be significantly modified by geochemical and geomechanical processes. The objective of 
this study is to understand the wellbore cement alteration along the defected cement–basalt caprock interface and 
fractures under geologic carbon sequestration conditions.  
2. Materials and Method
2.1. Preparation of cement-basalt interface sample
Composite cement–basalt core was prepared with Portland cement slurry (Lafarge North America, Type I-II; 
comparable to Class A cement) and a low-permeability basalt caprock from the Grande Ronde Basalt Formation 
within the Columbia River Basalt Group (CRBG) in Washington State. The cement slurry was prepared by mixing 
Portland cement with water at water-to-cement ratio of 0.38. A small quantity of cement slurry was thoroughly
mixed by hand and cement cores were cast in the form of cylinders (25 mm diameter) by pouring the slurry into a 
plastic mold containing half-cylinder shaped basalt samples (approximately 13 mm diameter by 35–45 mm length).
The sample was cured for 28 days in ambient air (relative humidity: 30%) to create artificial fractures through drying 
shrinkage during cement curing (Figure 1).
After curing, the sample was sequentially subjected to compressive loading and CO2–groundwater reaction [1-3]. 
A compressive load of 2.7 MPa was applied vertically to the flat surfaces of the cores at 1.8 MPa/min using 
servohydraulic test frames with load cells to form internal pressures. The composite cement–basalt sample was also 
reacted in pressure vessels (Parr Instrument Company; 300 mL volume size with 64 mm internal diameter by 102
mm depth) containing 130 mL of synthetic groundwater (2 mM NaHCO3, 0.5 mM MgCl2·6H2O, and 0.5 mM 
CaSO4·2H2O; total dissolved solid=283 mg/L) to simulate the fresh groundwater composition (total dissolved solid 
= 332 mg/L) of the Wallula Basalt Carbon Dioxide Sequestration Pilot Site. The experiment was conducted under a 
pressure of 10 MPa and a temperature of 50ºC to represent the hydrostatic pressure and temperature conditions at the 
CO2 injection depth of about 1 km below the surface.
Fig. 1. Cement-basalt interface sample (A) before CO2 reaction; (B) after CO2 reaction; (C) grayscale XMT image after compressive 
loading (2.7 MPa); (D) grayscale XMT image after compressive loading (2.7 MPa) and CO2 reaction.
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2.2. X-ray microtomograpy
Cement samples were scanned using a high-resolution microfocus X-ray computed tomography scanner to 
visualize the formation, growth, and sealing of internal fractures. Scans were performed at 98-kV and 536-ȝ$;-ray 
energy ranges with a 0.1-mm Cu filter for optimum image quality and contrast. The samples were rotated 
continuously during the scans with momentary stops to collect each projection (shuttling mode) to minimize ring 
artifacts. A total of 3,142 projections were collected over 360 degrees with 0.5 second exposure time and 1 frame per 
projection with an isotropic voxel resolution of ~10–25 microns depending on specimen dimensions. The images 
were reconstructed to get 3-D data sets using CT Pro 3D (Metris XT 2.2, Nikon Metrology, UK). Image stacks of 
two different orientations were generated from the 3-D data using the visualization program VG Studio MAX 2.1.
2.3. Computational fluid dynamic simulation 
Computational fluid dynamic (CFD) simulations were performed to visualize and quantify the changes in fluid 
property in fractures for the cement-basalt interface sample in three different cases; Case 1: before applying 
compressive stress, Case 2: after applying compressive stress, and Case 3: after applying compressive stress and 
CO2 reaction. The fracture geometries for all three cases were segmented based on the intensity-based threshold 
followed by visual validation. Intensity thresholds followed by manual validation were used to identify the fracture 
boundaries. Isosurfaces were extracted and smoothed using a volume-conserving smoothing process. For CFD 
simulations, it is desired that the inlet and outlet faces are perpendicular to the major flow direction. Hence, the inlet 
and outlet at the top and bottom of the sample were flattened using a commercial software package called Magics 
(Materialise, Plymouth, MI, USA) to create flat surfaces for the application of boundary conditions during 
simulation. The final meshes for Case 1, Case 2, and Case 3 consisted of 852,090, 1,240,462, and 644,751 nodes, 
respectively. The total numbers of tetrahedral elements for the three cases were 4.15, 6.46, and 3.34 million. Steady-
state CFD simulations were performed using OpenFOAM® and the flow predictions were based upon the laminar, 
3-D incompressible Navier-Stokes equations for fluid mass and momentum. Two different working fluids used for 
the CFD simulations included: (1) CO2-saturated brine (1 mol/Kg NaCl) at 50°C with a density of 1,035 kg/m3 and a 
kinematic viscosity of 5.99 x 10-7 m2/s, and (2) supercritical CO2 at 50°C with a density of 384.3 kg/m3 and a 
kinematic viscosity of 7.38 x 10-8 m2/s. The models were driven by a pressure gradient with an inlet pressure of 20 
kPa and 200 kPa specified for all the three models and a zero pressure boundary condition applied at the outlets
along ~2 cm-long fractures representing 1 MPa/m and 10 MPa/m, respectively. A no-slip wall condition was applied 
to the fracture boundaries, which were assumed to be rigid and impermeable. In addition, intrinsic permeability, k 
was calculated based on Darcy’s law.
3. Results and Discussion
Three major fractures were formed in the sample along the longitudinal axis due to cement shrinkage during the 
cement curing period at ambient relative humidity of ~30% (Fig. 1). A fracture (Fracture 1 with DSHUWXUH aȝP
was created along the interface between the cement and basalt, resulting in poor bonding between the materials. In a 
wellbore environment, poor bonding of cement to the formation rock is considered a major cause of the failure of 
cement seals. Two other fractures (Fracture 2 and Fracture 3 with apertures=~150– ȝP, respectively) were 
formed within the cement matrix, and propagated from the corner or the side of the basalt column. 
Compressive loading at 2.7 MPa resulted in the detachment of a cement chip from the upper part of the cement 
column. However, XMT images of vertical and horizontal slices showed that no new major fractures were formed 
even after compressive loading at 2.7 MPa. The XMT images obtained after reaction with CO2-saturated 
groundwater at 50°C and 10 MPa displayed a significant precipitation of calcium carbonate (CaCO3) that occurred 
along the cement fractures. The newly formed calcium carbonate along the fractures appears as brighter spots 
compared to the unaltered cement matrix due to the higher density of fresh calcium carbonate (i.e., calcite=2.71 
g/cm3) than that of the cement matrix (2.0 g/cm3) or air (0.0018 g/cm3) in the fractures in the XMT images. Unlike 
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the fractures in the cement matrix or cement pores, no calcium carbonate precipitates were visible along the 
fractured cement-basalt interface (Fig. 1).
In order to better understand the geochemical and geomechanical effects on wellbore cement fracture evolution 
and fluid flow change under geologic carbon sequestration conditions, CFD modeling was performed to simulate 
flow of CO2-saturated brine and supercritical CO2 at 50°C with pressure gradients of 20 kPa and 200 kPa (Fig. 2).
Compressive loading at 2.7 MPa increased the aperture areas of Fracture 1 and Fracture 2 by 17% and 11%, 
respectively, and interconnected Fracture 3 to Fracture 1 and Fracture 2. After compressive loading, the average flow 
rate, velocity, and permeability for CO2-saturated brine flow at 1 MPa/m pressure gradient increased by factors of 
1.3, 1.1, and 1.1, respectively, for Fracture 1, while they increased by factors of 26, 23, and 22, respectively, for 
Fracture 2. This suggests that the mechanical stress or pressure increases the fracture connectivity much more for 
Fracture 2 than for Fracture 1, which was formed at the rock/cement interface. For CO2-saturated brine flow at 10 
MPa/m pressure gradient, the increases in average flow rate, velocity, and permeability along Fracture 1 after 
compressive loading were similar to the CO2 brine flow at 1 MPa/m, but the increase was only by a factor of 7–8
along Fracture 2. The chemical reaction with CO2-saturated brine at 50°C and 10 MPa resulted in increased aperture 
area of Fracture 1 by 36%, but decreased aperture area of Fracture 2 by 73% due to CaCO3 precipitation. The flow 
of CO2-saturated brine through Fracture 2 also decreased significantly after reaction with CO2-saturated 
groundwater because of CaCO3 precipitation along Fracture 2. The average flow rate, velocity, and permeability of 
Fracture 2 decreased by factors of 81, 22, and 20 at a pressure gradient of 1 MPa/m, while they decreased by factors 
of 44, 12, and 11 at a pressure gradient of 10 MPa/m compared to those in Case 2. A pressure gradient increase from 
1 MPa/m to 10 MPa/m (by an order of magnitude) resulted in an increase of the CO2 fluid flow rate or velocity by a 
factor of only 2.7–8.6. The fracture permeabilities calculated based on Darcy’s law are lower by factors of 1.2–3.7 
for the CFD simulation with 1 MPa/m pressure gradient than for the CFD simulation with 10 MPa/m. This is 
attributed to the increased friction of CO2-saturated brine along the cement fracture surfaces with higher flow rates
due to the enhanced pressure gradient.
At the same pressure gradient, there was a significant difference in simulated fluid velocity and calculated 
permeability between CO2-saturated brine flow and supercritical CO2 flow. The fluid velocity is higher by 
approximately 2 to 3 times for supercritical CO2 than for CO2-saturated brine at 1 MPa/m pressure gradient. For 
Fracture 2 before compressive loading, supercritical CO2 shows an about 8 times higher flow rate than CO2-
saturated brine. At 10 MPa/m pressure gradient, the flow velocity is only higher by ~2 for supercritical CO2 than for 
CO2-saturated brine. It appears that the higher flow velocity for supercritical CO2 than for CO2-saturated brine is 
attributed to the significantly lower kinematic viscosity of supercritical CO2 (7.38 x 10-8 m2/s) compared to CO2-
saturated brine (5.99 x 10-7 m2/s) at 50°C and 10 MPa.
Fig. 2. Cement core containing major fractures before compressive loading (Left) and fluid velocity contours for CO2-saturated brine at 50oC and 1 
MPa/m pressure gradient (Middle) and fluid velocity contours for CO2-saturated brine at 50oC and 10 MPa/m pressure gradient (Right).
5812   Wooyong Um et al. /  Energy Procedia  63 ( 2014 )  5808 – 5812 
4. Conclusions
In summary, the experimental and modeling results suggest that the precipitation of calcium carbonate in the 
fractures of defect containing wellbore cements during geologic carbon storage can decrease the permeability of 
flow through the fractures. However, the widening of fracture apertures also results from extensive pressure loading 
or increased pore pressure in the wellbore. These results highlight the fact that geochemical reactions and 
geomechanical processes have coupled effects on the integrity of wellbore cements during geologic carbon 
sequestration.
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